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 In this work, a simple milling sintering route (pressure less) to process dense zircon 
ceramics from fine (D50 0.8 µm) zircon powders is explored. Particularly, the milling time 
effect (0-120 min) and the maximum sintering temperature (1400-1600 °C) were studied. The 
sintering grade developed microstructure and Vickers hardness (Hv) were evaluated and 
correlated. The dissociation of silicate into (monoclinic and tetragonal) zirconia and silica 
was evaluated by X-ray diffraction followed by the Rietveld method; it was found to be below 
10 wt% in all the studied ranges. 
The sintering was enhanced by the milling pretreatment. No sintering additives were 
incorporated. Dense zircon (porosity below 1 %) ceramics were obtained by a simple milling-
sintering route of this high refractory powder at 100-200 °C below the sintering temperature 
used with conventional processing routes to obtain equivalent final properties. The Vickers 
hardness reached: 9.0 GPa.  






 Zircon (ZrSiO4) refractory materials have a wide range of high temperature and 
nuclear applications. They exhibit moderately low thermal linear expansion (4 x 10-6 °C-1) and 
very high chemical inertness even in contact with glassy phase and molten slag. Zircon 
materials are employed mainly due to their adequate refractoriness, mechanical strength and 
chemical durability with high-temperature resistance. They have various applications [1-9]. 
Particularly, it is well known that high refractoriness of zircon ceramics up to high 
temperatures with attractive properties such as low thermal conductivity, low thermal 
expansion, chemical stability, and corrosion resistance. These materials also have a moderate 
resistance to sudden temperature gradients, for example, thermal shock [10-16]. 
 Zircon materials are widely used in glass and steel industries [1, 17-18], especially 
because pure zircon undergoes no major structural changes below 1680 °C, a temperature at 
which it dissociates into silica and zirconia. This decomposition temperature decreases with 
the presence of impurities or mechanical treatments. Zircon materials have structural 
applications because it has been demonstrated that high purity zircon can retain its bending 
strength up to temperatures as high as 1200-1400 °C. The corrosion resistance of these 





materials is especially high for glasses with a low amount of alkalis [1, 17-18]. 
 Due to their high refractoriness, zircon powders are difficult to sinter. To overcome 
this drawback, some additives are usually employed as sintering aids; the typical additives 
include refractory clays and titanium oxide [19]. But sometimes, this incorporation results in 
the loss of some of their distinctive properties. Dense zircon ceramics without additives were 
only processed by advance sintering techniques such as hot pressing [20-21] and SPS [22-24]. 
 It has been reported and proven that the mechanochemical activation in high energy 
ball milling consists of a suitable pretreatment of raw materials to obtain dense ceramics. Its 
effect is to activate the chemical and physical processes by incorporating surface energy 
powders that are usually nanosized, thus effectively achieving homogeneous mixtures of 
powders even of different sizes [25-29]. Sintering is one of these activated processes.  
 In a recent article, we reported the effect of colloidal processing optimization by slip 
casting of highly concentrated aqueous dispersions on the sintering of dense zircon ceramics 
[30]. In particular, the mechanical behavior of this kind of material is of technological interest 
and is related to the microstructure, phase composition, and sintering grade. Moreover, the 
mechanical properties of dense zircon ceramics were reviewed and compared in a recent 
article [22]. In that article, the effect of milling was also assessed but for a nonconventional 
advance sintering method (SPS). The effect of Zircon mechanical activation has been a 
strategy for enhancing zirconia leaching [31]. In this work, the activation for enhancing zircon 
powder sintering is investigated. The first attempt to study the mechanical activation of zircon 
was reported by Motoi [32]. It was demonstrated that prolonged ball milling not only causes 
size reduction but also amorphizes the mineral, which leads to partial decomposition into 
ZrO2 and SiO2 and can also enhance solubility in HF. Puclin and Kaczmarek [33] studied the 
crystallization of amorphized zircon using a ball mill in which the impact and shear forces can 
be manipulated. The same group observed that 170-300 h of ball milling of a zircon and 
alumina mixture resulted in the enhanced dissolution of zircon in hydrochloric acid, which 
was selective to silica [34]. Similarly, Welham used ball milling up to 150 h to accomplish the 
mechanochemical reaction of zircon with alkaline earth metal oxides with the objective of 
forming zirconia or zirconates, either with the milling process or during subsequent annealing 
at 1200 °C [35-36]. For example, for zirconia (ZrO2) production from zircon acid leaching, 
the milling pretreatment process was found to be suitable for enhancing the solubility. In 
particular, an about tenfold increase in hydrochloric acid solubility was observed when zircon 
was milled alone and milled with the oxides. Abdel-Rehim showed that almost complete 
recovery of zirconium from zircon was possible by simultaneous ball milling and alkaline 
leaching using sodium hydroxide (1.5 times the theoretical requirement) at 250 °C for 3 h 
[37]. Attrition milling of zircon was used by Amer as a pretreatment to enhance the alkaline 
pressure leaching of zircon [38]; however, no attempt was made to characterize the activated 
solid except for the change in particle size. Recently, the zircon milling effect on the zircon 
alumina reaction sintering to obtain mullite zirconia refractory composites was also proposed 
and studied. In all these examples, the merits of the strategy were established [39-40]. 
 The aim of this work is to study the effect of high energy ball milling on the sintering 
behavior of fine zircon powder and characterize the resulting ceramic materials in order to 
study the possibility of using the milling-sintering strategy to process dense zircon ceramics 
with good technological properties. 
 
 
2. Experimental procedure 
 
 A commercial zircon powder (Kreutzonit Super Extra Weiß, Mahlwerke Helmut 
Kreutz GmbH, Germany, 0.8 µm) was used (Z0). High energy ball milling (HEBM) in a 
planetary mill (7 Premium Line, Fritsch Co., Ltd., Germany) at 850 rpm was performed for 
10, 60 and 120 min (Z10, Z60, and Z120, respectively). The employed jar and milling media 





were made of zirconia; 85 ml zirconia jars were used with 60 g of zirconia balls (10 mm 
diameter) as milling media; the ratio between the weight of powder and the milling balls was 
1:10 in each batch. The jars were cooled down every 5 min. 
 The effect of the milling treatment was characterized by measuring the particle size 
distribution with a Laser Diffraction Particle Size Distribution Analyzer (Malvern Hydro 
2000G). The percentile population on a logarithmic scale below 90, 50 and 10 were calculated 
(D90, D50, and D10 respectively). 
 The particle shape and morphology were also analyzed with scanning electron 
microscopy (SEM-JEOL JMS -6000, Japan), and X-ray diffraction (XRD-Philips PW 3710 
with Kα: Cu as incident radiation and Ni filter) was performed at 2θ between 10 and 70° to 
evaluate the effect of the milling time. Rietveld refinement was performed in order to follow 
the partial zircon dissociation [41-43]. 
 Disc-shaped samples of 15 mm diameter were prepared; they were first uniaxially 
pressed in a steel mold and then isostatically pressed at 1000 MPa in an oil bath. Samples 
were then sintered at 1400, 1500 and 1600 °C in an electric furnace. The employed heating 
rate was 5 °C/min in all cases, with a holding time of 2 hours at a cooling rate of 5 °C/min.  
 Sintered samples were characterized measuring the textural properties of the 
Archimedes method. The evolution of the crystalline composition with the sintering 
temperature was evaluated by X-ray diffraction and Rietveld refinement [41-43]. The 
developed microstructures were evaluated by scanning electron microscopy (SEM-JEOL 
JMS-6000, Japan). Finally, in order to assess the mechanical properties of the developed 
materials, the Vickers hardness was evaluated (Buhhler, USA). 3 Kg load and 15-second 
dwelling were employed for the hardness experiments. These characterizations were 
correlated with the processing variables: milling time and final sintering temperature. 
 
 
3. Results and Discussion 
3.1. Effect of the milling process, particle size distribution for laser scattering 
 
 The particle size distribution analysis was performed for the original (Z0) and the 
milled samples at 10, 60 and 120 min (Z10, Z60, and Z120, respectively) in order to observe 
the particle size evolution. Table I lists the results of the particle size analysis. The observed 
effect of the milling treatment is negligible. The mean particle size remained constant even 
after 120 min of pretreatment. 
 










Z0 0 0.5 1.1 2.6 
Z10 10 0.5 1.1 2.4 
Z60 60 0.5 1.1 2.7 










3.2. Effect of the milling process, scanning electron microscopy (SEM) 
 
 Fig. 1 (a, b, c and d) show SEM images of the Z0 and Z120 samples at two 
magnifications (10000x and 30000x). Fig. 1a–c depicts the SEM image of the as-received 
zircon powder, showing sharp edges and grain sizes between 2 μm and 0.1 μm. Fig. 1b–d 
shows the powder after 120 min of HEBM. After the milling process, the particles were more 
rounded, but no significant change in the particle size was detected, as confirmed by laser 
diffraction.  No important agglomeration was observed. 
 
a)   b)  
c)   d)  
 
Fig. 1. SEM images of the as-received and milled powders: a) Z0, 10000X; b) Z120, 10000X; 
c) Z0, 30000X; and d) Z120, 30000X. 
 




Fig. 2. XRD patterns of the milled and unmilled fine zircon powders. 





 The HEBM pretreatment might lead to partial zircon dissociation [8-9]: 
 
ZrSiO4 ↔ (m-t) ZrO2 + SiO2 (amorphous)                            (1) 
 
 Fig. 2 compares the XRD patterns of the powder before and after the HEBM. 
Regardless of the milling time, all the observed diffraction peaks belong to the zircon phase. 
No important broadening of the peaks is observed, showing that the pretreatment did not 
affect the zircon crystallinity. This is expected due to the high hardness of the silicate (7.5 in 
the Mohs scale). The inset in this Fig. shows the main peaks of the zirconia phases (m and t/c) 
in the 2θ range. Only after 60 min of pretreatment does a small band appear at 30.3°, which 
corresponds to the high energy (tetragonal and/or cubic) zirconia phases [44]. After the 120-
minute treatment, this peak is bigger but still small.  It is accompanied by the main 
monoclinic (lower energy) zirconia peaks located at 28.3° and 31.5°, corresponding to the (-
111) and (111) planes. All this was clear evidence of the incipient silicate dissociation. 
 
3.4. Sintering of milled powders 
 
Fig. 3. Textural properties, density and porosity of the milled-sintered powders. Samples Z0, 
Z10, Z60 and Z120 sintered at 1400, 1500 and 1600 °C. 
 
 Fig. 3 shows the evolution of the textural properties. As expected, while density 
increases with the sintering temperature, the open porosity decreases. The untreated powder 
had a high porosity (23 %) at 1400 °C, and achieved full densification at 1600 °C.  
Remarkably, materials sintered at 1500 °C were fully densified if the pretreatment consisted 
of 60 and 120 minute milling. At that temperature, the 10-minute treated sample had a low 
porosity (3 %). For several applications, this low porosity could be understood as a dense 
material [2]. However, important differences were observed in the materials sintered at 1400 
and 1500 °C. At 1400 °C, the sintering of the milled powders was directly proportional to the 





milling time. The 10-minute milled powder porosity was 19 %. The 120 minute milled 
powder porosity was below 10 %, evidencing the effect of the mechanical treatment. 
 The sintering achieved was high in comparison with previous work using coarser 
zircon powder (2-5 µm) grains processed by slip casting [17]. At the highest temperature, the 
four powders sintered completely.  
The fully dense ceramic obtained without sintering additives by HEMB, followed by 
conventional sintering, represents an achievement in the processing of zircon ceramic. In fact, 
by employing conventional sintering methods, fully dense zircon cannot be obtained at a 
temperature as low as 1400 °C [17]. Shi et al. [20] obtained fully dense zircon material by hot 
pressing at 1600 °C for 1 h under 25 MPa. A 5% residual open porosity was achieved without 
full densification by pressureless sintering of slip casted materials [30]. 
 
3.5. Crystalline phases of the obtained ceramics 
 
 The final crystalline phase combination in this kind of refractory material is a very 
important factor for the technological properties. It will define the corrosion, mechanical and 
thermomechanical behaviors [45-47]. For example, the formed zirconia might be involved in 
several toughening mechanisms [44, 48-49] and can improve the molten glass corrosion 
resistances [50]. On the other hand, the silica-based glassy phase might enhance sintering by 
viscous flux and may have a deleterious effect on the mechanical behavior of the material, 
especially at high temperatures [1, 8].  
 The partial dissociation of zircon materials during thermal processing has been 
previously reported [8]. The grade of dissociation will simultaneously depend on the 
impurities, particle size, and presumably will be affected by the milling pretreatment. Kaiser 
et al. presented an extensive review on this issue [8]. While the dissociation will 
thermodynamically start near 1680 °C, in the presence of impurities it can be lowered by 
around two hundred degrees [51-52].  
 The already decomposed zircon reassociates at 1278–1556 °C with a maximum 
reaction rate above 1444 °C. Zircon formation starting from ZrO2 and quartz, cristobalite, 
tridymite or amorphous silica did not show any significant dependence on the starting silica 
modifications. The lowest formation temperature observed was 1333 °C, which is only a little 
higher than the lowest temperature of reassociation reported, i.e., 1278 °C [8]. This explains 
the reversible arrows in Eq. 1.  
 
 
Fig. 4. XRD patterns of sintered materials at 1400 °C processed from milled powders with 0, 
10, 60 and 120 minute milling treatments. 







Fig. 5. XRD patterns of sintered materials at 1500 °C processed from milled powders with 0, 
10, 60 and 120 minute milling treatments. 
 
 The final crystalline compositions of the developed materials were evaluated by X-
ray diffraction. Fig.s 4, 5 and 6 show XRD patterns of materials obtained by different milling-
sintering programs, particularly sintered at 1400, 1500 and 1600 °C, respectively. Then, the 
four powders were evaluated at each temperature (0, 10, 60 and 120 min). In all cases, the 
major crystalline phase is the zirconium silicate. Zircon peaks are accompanied by the main 
peaks of both the monoclinic and the high energy tetragonal or cubic phases. The detail for 
the 26-35° 2θ range is plotted as an inset in the three Fig.s.  
 
 
Fig. 6. XRD patterns of sintered materials at 1600 °C processed from milled powders with 0, 
10, 60 and 120 minute milling treatments. 
 
 The Rietveld refinement allowed us to quantify the crystalline phases (zircon and 
zirconia). Once again, no silica phases (quartz, cristobalite or tridymite) were detected. The 
results of the Rietveld quantification are listed in Table 2; the resulting values of the Rwp 
parameters were in all cases adequate and below 15.  
 














Crystalline phase content   
(wt%) 
Error between brackets 
ZrSiO4  m-ZrO2  t-ZrO2  
Z0-1400 0 1400 100 0 0 
Z0-1500 0 1500 98 (0.5) 2 (0.1) 0 
Z0-1600 0 1600 94 (0.8) 6 (0.3) 0 
Z10-1400 10 1400 100 (0) 0 0 
Z10-1500 10 1500 98 (0.4) 2 (0.1) 0 
Z10-1600 10 1600 94 (0.6) 6 (0.2) 0 
Z60-1400 60 1400 100 (0) 0 0 
Z60-1500 60 1500 95 (0.4) 4 (0.1) 1 (0.1) 
Z60-1600 60 1600 94 (0.4) 4 (0.1) 2 (0.1) 
Z120-1400 120 1400 96 (0.4) 3 (0.1) 1 (0.1) 
Z120-1500 120 1500 90 (0.4) 8 (0.2) 2 (0.1) 
Z120-1600 120 1600 95 (0.4) 3 (0.2) 1 (0.1) 
 
 In the studied ranges, in terms of sintering temperature and pretreatment time, the 
dissociation was below 10 % in all cases. Some particular aspects can be pointed out. 
The untreated powder showed no dissociation after 1400 °C and an incipient dissociation after 
1500 °C. At 1600 °C, this dissociation was over 6 wt%. In both cases, the resulting zirconia 
phase was the low (energy) monoclinic zirconia.  
Another relevant aspect is that after the 1400 °C thermal treatment, the dissociation 
occurred only for the 120 minute milled powder. No zirconia was detected in the other 
materials. 
In general, a direct relation between the two explored processing variables would be 
expected. Both the milling pretreatment and maximum sintering temperature will enhance 
sintering and silicate dissociation this was confirmed in the whole studied range. Z120 
powder sintered at 1600 °C (Z120-1600) was an exception. The more dissociated processed 
material was the Z120-1500 material, which achieved 10 % silicate dissociation. The decrease 
in the resultant dissociation of the Z120-1600 material might be explained in terms of the 
reassociation of the important amount of amorphous silica and zirconia, previously 
dissociated during the mechanical pretreatment, detected by XRD (see inset in Fig. 2) [8].  
 
Fig. 7. Contour plot of the sintering temperature-milling time effect on the zircon dissociation 
of the developed materials. The zircon dissociation (%) was assumed to be ZrO2/ZrSiO4. 





With the XRD-Rietveld quantification of the systematically explored processing variables, a 
contour plot was constructed (Fig. 7) by interpolation. As dissociation parameter, the total 
zirconia:zircon percentile ratio was plotted as a function of the sintering temperature and the 
milling time. Again, the effects of both processing variables are clearly observed; they both 
enhance the dissociation, but the excessive milling (≈120 min) restricts the thermal 
dissociation. 
 
3.6. Microstructure of the obtained zircon ceramics 
 
 The microstructures developed were evaluated by scanning electron microscopy. 
SEM images of the partially and fully sintered materials are presented in Fig.s 8 and 9, 
respectively. Apparently, the conforming route (pressing) was adequate, no macropores were 




Fig. 8. SEM image of the Z60-1500 material sintered at 1500 °C and milled for 60 min. 
 
 Fig. 8 shows the untreated powder sintered at 1400 °C (Z0-1400); the porosity 
evaluated by the Archimedes method (P) is observed. The neck formation bonding the zircon 
grains (Zn) indicates that the sintering process is in its initial stage in some cases [53, 55]. The 
observed pore size (in dark gray) corresponds to the initial grain size (0.8 µm). As evaluated 




Fig. 9. SEM image of the Z60-1600 material sintered at 1600 °C and milled for 60 
min. 





 On the other hand, a fully dense ceramic material (Z0-1600) is depicted in Fig. 9. In 
this case, the sintering process is advanced, only some small pores are observed (P), the pore 
size is smaller than in Fig. 8. In some cases, grain sizes are slightly higher than in the initial 
powder. Other grains are evidently larger, with diameters between 5 and 8 µm, which 
evidence some local sintering. Zircon grains (Zn) are accompanied by zirconia grains (Z: 
white), and glassy grain boundaries can also be seen (G). This microstructure is similar to the 
one observed in this same material but obtained through different processing routes (hot 
pressing, SPS, slip casting, etc.) [2, 8, 13, 16, 19, 20, 22, 30]. This kind of microstructure, 
where the zirconia grains are imbibed in a dense ceramic microstructure, has been widely 
studied. Several reinforcement mechanisms have been proposed and observed in this kind of 





Fig. 10. SEM image and digitally enlarged SEM image of the partially sintered Z01400 
material at 1400 °C. (P: Pore, Zn: ZrSiO4). 
 
 Fig.s 10 and 11 present the microstructure of the materials based on the 60-minute 
milled powder (Z60) sintered at 1500 and 1600 °C (Z60-1500 and Z60-1600). In general, the 
obtained microstructures are similar to the one shown in Fig. 9. Dense zircon materials with 
the presence of some pores and some imbibed zirconia grains can be observed. This fact is a 
merit of the processing route. An identical or equivalent microstructure can be obtained even 





Fig. 11. SEM image and digitally enlarged SEM image of the fully sintered Z0-1600 material 










3.7. Mechanical behavior of the developed ceramics 
 
 
Fig. 12. Vickers hardness (Hv) and porosity (P) of the unmilled (Z0) and milled (Z60) 
sintered at 1400, 1500 and 1600°C. 
 
Fig. 13. Vickers hardness (Hv) as a function of density for unmilled (Z0) and 60-minute 
milled (Z60) materials sintered at 1400, 1500 and 1600 °C. 
 
 The Vickers hardness (Hv) and open porosity (%) of the unmilled (Z0) and 60-minute 
milled (Z60) powders as a function of the sintering temperature are plotted in Fig. 12. Also, 
Hv as a function of the final density is plotted in Fig. 13. Evidently, the achieved Hv was 
directly related to the sintering temperature, and clearly the milling treatment time enhanced 
sintering, so the mechanical behavior improved. The approximately 9.0 GPa Hv achieved is 
similar to that of other dense zircon ceramics [21-24]. Finally, it can be noted that the 
hardness of Z0-1600 is similar (between 8.0 and 9.0 GPa) to the one of Z60-1500 and Z60-
1600. It can be stated that the Hv at high temperatures is independent of the processing route, 
but the final sintering temperature can be reduced by at least 100 °C. 
 
 







 A simple processing route based on different milling-sintering times for obtaining 
dense zircon ceramics from fine zircon powders was proposed and systematically studied. 
Within the milling time (0-120 min) and sintering temperature (1400-1600 °C) ranges studied, 
the milling pretreatment led to partial dissociation of the starting zircon powders into zirconia 
and silica (below 10 wt%). No important effect on the particle size distribution was found 
after milling. A slight effect on the grain morphology was observed and described after the 
SEM evaluation of the milled powders. The most significant effect of the milling pretreatment 
was the sintering activation, which is remarkable taking into account the high zircon hardness 
and refractoriness. 
 Without the incorporation of sintering additives, dense zircon ceramics (porosity 
below 1%) were obtained by a simple milling-sintering route of this high refractory powder at 
100-200 °C below the sintering temperature used with conventional processing routes for 
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Садржај: У овом раду, једноставан метод млевења и синтеровања је коришћен за 
добијање густе цирконијумске керамике из финог ситног праха (D50 0.8 µm). Заправо, 
проучавани су утицај времена активације (0-120 мин) и максимум температуре 
синтеровања (1400-1600 °C). Стадијум синтеровања, микроструктура и тврдоћа по 
Викерсу су проучавани. Дисоцијација силиката у цирконијуму и силикат су одређени 
рендгено структурном анализом и Ритвелдовим утачњавањем; нађено је да је 
дисоцијација мања од 10 тежинских % у свим узорцима. Синтеровање је поспешено 
претходном механичком активацијом. Нису употребљавани адитиви. Густа 
цирконијумска керамика (порозности испод 1 %) је добијена једноставним млевење-
синтеровање поступком на температурама мањим за 100-200 °C од температура 





синтеровања које су потребне за добијање керамике без претходног третмана. 
Тврдоћа по Викерсу је 9.0 GPa.  
Кључне речи: цирконијум; процесирање; млевење; синтеровање; Ритвелд.  
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